Fresh pods of Moringa oleifera with nutraceutical importance are widely consumed in food commodities as vegetables. It is nutritious and it also has several biological activities. In the present study, a simple, rapid, cost-effective, and sensitive high-performance thin-layer chromatography (HPTLC) method was applied for the simultaneous determination of six phenolic compounds, viz., gallic (phenolic acid), p-coumaric, caffeic acid (hydroxycinnamic acid), chlorogenic acid (cinnamic acid derivative), quercetin and kaempferol (flavonols) in flowers, pods, leaves, twigs, and seeds of M. oleifera. Simultaneous separation and quantification of compounds were achieved on HPTLC pre-coated silica gel 60 F 254 aluminum plates using the mobile phase toluene-ethyl acetate-formic acid (14:10:1). Densitometric determination was carried out at λ max 282 nm. The calibration curves were linear, ranged between 0.984 and 0.998; the limit of detection and quantification ranged between 110.8 ng mL 
Introduction
Plant secondary metabolites comprise a major group, namely, polyphenols, that plays a vital role in various pharmacological activities like antioxidant [1] , anticancer [2] , antibacterial, antidiabetic properties, and others [3] [4] [5] . These compounds are A. Niranjan, N.K. Ngpoore, N. Anis, A. Kumar, A. Lehri, P.A. Shirke, and S.K. Tewari, Central Instrumentation Facility, Council of Scientific and Industrial Research, National Botanical Research Institute, Lucknow 226001, India. E-mail: lehrinbri@yahoo.com ever-present in plants and are consumed in the forms of fruits, vegetables, legumes, cereals, and medicinal plants, etc. They have multiple biological effects as nutritional supplements for health promotion and disease prevention. An important protective effect is the reduction of oxidative damage, mediated by lipid peroxidation, which in living systems is strongly associated with the induction of mutagenesis, ageing, and atherosclerosis [5] [6] [7] [8] . As associations between the consumption of polyphenol-rich foods/beverages and their preventive activities from chronic diseases come closer, they are receiving an increasing interest from consumers and manufacturers (pharmaceutical, cosmetic, and food industry).
Moringa oleifera Lam. (syn. M. ptreygosperma Gaertn.), belonging to the family Moringaceae, with a height of 5 to 10 m, is an important well-known tree and is widely distributed in many countries of the tropics and subtropics. It is commonly known as "drumstick tree" or the "horseradish tree". It is native of the western and sub-Himalayan tracts, India, Pakistan, Asia Minor, Africa and Arabia, the Philippines, Cambodia, Central America, North and South America, and the Caribbean Islands. M. oleifera is an important food commodity, and its leaves, fruit, flowers, and immature pods are used as highly nutritive vegetables in many countries, particularly in India, Pakistan, Philippines, and many parts of Africa. The different parts of this plant contain important minerals and are a good source of protein, vitamins, β-carotene, amino acids, and various phenolics. The plant is a rich source of zeatin, quercetin, β-sitosterol, caffeoylquinic acid, and kaempferol. Various parts of this plant such as the leaves, roots, seed, bark, fruit, flowers, and immature pods act as cardiac and circulatory stimulants; they possess antitumor, antipyretic, antiepileptic, anti-inflammatory, antiulcer, antispasmodic, diuretic, antihypertensive, cholesterol-lowering, antioxidant, antidiabetic, hepatoprotective, antibacterial, and antifungal activities; and they are being employed for the treatment of different ailments in the indigenous system of medicine, particularly in South Asia [9, 10] . No study has been done yet regarding the presence of specific polyphenols in M. oleifera. The green pods of the tree are commercially utilized by humans, but after maturity, the pods and seeds go waste without any proper utilization.
In earlier reports for the quantitative estimation of polyphenols using ultraviolet-visible (UV-vis) spectrometer [11, 12] , high-performance liquid chromatography (HPLC) [4] , and high-performance thin-layer chromatography (HPTLC) [13, 14] have been mentioned. In our study, attempts have been made for the rapid separation, identification, and quantification of gallic acid, p-coumaric acid, chlorogenic acid, caffeic acid, quercetin, and kaempferol in various parts of M. oleifera using HPTLC. The method has been evaluated for various validation parameters such as linearity, accuracy, precision, limit of detection (LOD), limit of quantification (LOQ), specificity, solubility, and sample stability according to the International Conference on Harmonization (ICH) requirements.
Experimental

Chemicals
Standards (gallic acid, p-coumaric acid, chlorogenic acid, caffeic acid, quercetin, and kaempferol) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The HPTLC plates precoated with silica 60 F 254 (20 cm × 20 cm) was purchased from Merck (Darmstadt, Germany). Analytical grade toluene, methanol, ethyl acetate, hexane, and acetic acid were procured from Merck (Darmstadt, Germany).
Plant Material and Sample Preparation
Fresh leaves, flowers, pods, and dried pods and seeds of M. oleifera were collected from the premises of CSIR -National Botanical Research Institute, Lucknow, India (11 ○ 24 ′N/ 79 ○ 44 ′E).
All plant parts were chopped, air-dried, and powdered to pass through a 100-mesh sieve. The total phenolic content was estimated by extracting finely powdered plant parts (25 mg) overnight with 10 mL 50% methanol-water on an orbital shaker. The total phenolic content was determined by the Folin-Ciocalteu method with sodium carbonate solution. The whole extract was centrifuged, and 0.1, 0.2, and 0.5 mL of test assay were treated with 0.5 mL Folin-Ciocalteu reagent (1 N) and 20% sodium carbonate solution sequentially. The sample was mixed over vortex. The reaction mixture was left to stand for 30 min after mixing. The solution was maintained up to 12.5 mL with water. The absorbance was recorded at 720 nm on UV-vis spectrophotometer. The total phenolic content was expressed in mg g −1 on dry weight basis [15] . For the estimation of specific phenolic compounds, an amount of 5 g of the dried and powdered plant parts was extracted three times successively with 50 mL of methanol-water (50:50, v/v) overnight on an orbital shaker at room temperature. The combined plant extract (150 mL) was centrifuged (8000 × g) to remove debris and concentrated up to half of the volume 75 mL under reduced pressure on a rotary evaporator (Buchi, New Castle, DE, USA). The concentrated extract was fractionated by ethyl acetate (75 mL) successively three times, pooled, and concentrated on a rotary evaporator. The obtained residues were freeze-dried (Freezone 4.5, Labconco, Kansas City, MO, USA) under high vacuum (133 × 10 4 mBar). The residues were kept at 4°C temperature. Before use, the residue was maintained at ambient temperature. An amount of 5 mg of the residue was dissolved in 10 mL methanol before application on thin-layer chromatography (TLC) plate.
Analysis of Phenolic Compounds by HPTLC
Separation followed by the qualitative and quantitative analysis of the compounds was performed by using a CAMAG (Muttenz, Switzerland) HPTLC system equipped with Linomat IV applicator, CAMAG TLC Scanner 3, and integrated software winCATS version 1.4.3. HPTLC was performed on precoated silica gel HPTLC plates 60 F 254 (20 cm × 20 cm) with 0.20-mm layer thickness. Sample and standard bands of 6-mm wide were applied to the plate under a flow of N 2 gas, 11.3 mm apart, and 10 mm from the bottom edge, starting 8 mm from the edge of the HPTLC plate with Linomat IV applicator. The linear ascending development was carried out in a CAMAG twin-trough chamber (20 cm × 10 cm) which was pre-saturated with 25-mL mobile phase toluene-ethyl acetate-formic acid (14:10:1) at room temperature (25°C ± 2°C) for 30 min. The length of the chromatogram run was 8 cm, and the TLC plates were air-dried in fuming hood with adequate ventilation before scanning. Quantitative evaluation of the plate was performed in absorption mode at 282 nm, using slit width of 6 × 0.45 mm at data resolution 100 µm step −1 and scanning speed at 10 mm s
with a computerized TLC Scanner 3, furnished with winCATS software version 1.4.3 ( Figure 1 ) at 282 nm. Quantification of the compounds in the fruit parts was performed by using pure chlorogenic acid, gallic acid, caffeic acid, p-coumaric acid, quercetin, and kaempferol as external standard.
Mass Spectrometric Analysis
Mass spectrometry was performed with an Applied Biosystems (Concord, Ontario, Canada) API 2000 triple quadrupole mass spectrometer using flow injection analysis for the presence of compounds in extracts. A turbo ion-spray source was used in negative-ion mode with the settings: nebulizer gas (N 2 ), 15 arbitrary units; curtain gas (N 2 ), 11 arbitrary units; collision gas (N 2 ), 1-2 arbitrary units; focusing potential, −450 V; entrance potential, -11 V; declustering potential, 20-80 V; and collision energy, 15-50 arbitrary units. Full scan acquisition was performed between m/z 100 and 500 U with a cycle time of 2 s. Product ion scans of the selected molecules were conducted to confirm the compound structure. The product ions were produced by collision-associated dissociation of the selected precursor ions in a collision cell. The experiments were performed with the quadrupole (Q1) operated at unit resolution.
Method Validation
Standard Stock Solutions, Construction of Calibration Curves and Linearity
For the preparation of the stock solutions, an amount of 10 mg of the compounds (chlorogenic acid, gallic acid, caffeic acid, quercetin, p-coumaric acid, and kaempferol) was weighed in a 10-mL volumetric flask, dissolved, and made up to the marked volume with toluene. For the calibration, different amounts (0.1-1.5 µg) of this stock solution were loaded on the TLC plate for preparing five-point calibration graphs. The construction of the calibration curves and the establishment of the linear regression equations for all compounds were achieved by plotting the responding peak areas against the concentration of compounds loaded on the TLC plate. The linearity was calculated by least square regression.
Specificity and Peak Purity
The specificity of the method was determined by analyzing the standards and the parts of M. oleifera. The spots for chlorogenic acid, gallic acid, caffeic acid, quercetin, p-coumaric acid, and kaempferol in the fruit parts were identified by comparing the R f values and the spectra of the spots with those of the standard. The spectra corresponding to upslope, apex, and downslope of each peak were computer-normalized and superimposed.
Limits, Precision and Recovery Studies
The calculation method of LOQ and LOD is based on the standard deviation (SD) of the response and the slope (m) of the calibration curve according to the formula LOQ = 10 (SD/m) and LOD = 3.0 (SD/m), respectively. Six bands of 5 µL of the standards used were applied from the stock solution (500 ng) on silica gel 60 F 254 HPTLC plates and analyzed by the proposed method to determine system precision. Six different samples of the same concentration (500 ng) were spotted on the TLC plate and analyzed by the proposed method to determine variation arising due to the method itself. Recovery studies were employed to demonstrate the accuracy of the method. This was carried out by adding known amounts of compounds to the sample matrix before extraction. The accuracy of the method was expressed in terms of percentage recovery of the compounds in the mixture.
Results and Discussion
Method Optimization
The plant tissue contains complex biological compounds of diversified primary and secondary classes. The targeted metabolites from plant matrixes obtained are purified prior to using HPTLC analysis. The phenolic compounds are ethyl acetate soluble; therefore, our experiments utilized a solvent partitioning of ethyl acetate and water to remove interfering water-soluble components and to purify target compounds. The HPTLC method that we report provides a simple procedure for the simultaneous determination of gallic acid, p-coumaric acid, chlorogenic acid, caffeic acid, quercetin, and kaempferol in the plant parts of M. oleifera by UV detection at 282 nm and mass spectrometry. To check the efficiency and the reproducibility of method, different concentrations of the mobile phase were employed. Our preliminary trails using different compositions of the mobile phase consisting of toluene, hexane, ethyl acetate, and acetic acid/formic acid of different ratios did not give good bands, peak shapes, resolutions, and analysis time. Using formic acid instead of acetic acid improved the peak shape of all the investigated compounds. Finally, the mobile phase tolueneethyl acetate-formic acid (14:10:1) was used at room temperature (25°C ± 2°C) for 30 min and this afforded distinguished bands, good separation, and symmetrical peak shapes of the target compounds and was found to be the most suitable mobile phase.
Method Validation
The objective of the method validation was to confirm that the present method was suitable for its intended purpose as described in the ICH guidelines. The described method has been extensively validated in terms of specificity, linearity, peak purity, precision, and accuracy, limits of quantification and detection, and robustness. Linear calibration (Figure 2 ) plots for all four compounds were obtained over the concentrations range of 0.1-1.5 µg mL
. The correlation coefficient (Table 1 ) obtained was varied between 0.984 (gallic acid) to 0.998 (p-coumaric). The precision of the method was investigated with respect to repeatability and intermediate precision. In order to measure repeatability, six bands of 5 µL of the standards were applied from the stock solution (500 ng) on silica gel 60 F 254 HPTLC plates and analyzed by the method to determine system precision. The coefficient of variation of the system precision for chlorogenic acid was 0.55; gallic acid, 0.78; caffeic acid, 0.41; quercetin, 0.58; p-coumaric acid, 0.45; and kaempferol, 0.36. Six different samples of the same concentration (500 ng) were spotted on the TLC plate and analyzed by the method to determine the variation arising due to the method itself. The coefficient of variation for the adopted precision method for chlorogenic acid was 2.12; gallic acid, 2.98; caffeic acid, 2.68; quercetin, 2.29; p-coumaric acid, 2.43; and kaempferol, 2.51 (Table 1) . Accuracy was determined by the recovery of known amounts of standards added in the plant matrix prior to extraction and sample preparation. The percent recovery varied between 96.2% and 97.9%. The high recovery values from the mixture of compounds and the high repeatability indicated a satisfactory accuracy in the method. Sensitivity was expressed in the terms of LOD and LOQ and its values ranged from 110.8 ng mL −1 to 142.3 ng mL
, and from 301.6 ng µL −1 to 410.8 ng µL
, respectively, which suggested full agreement for the quantification of each compounds investigated. Finally, the robustness of the method was also assessed. Minor modifications of the initial mobile phase gradient had no major effect on the peak resolution of the compounds, i.e., all the compounds were well resolved with no merged peaks, though there was a minimal shift in the retardation factor (R f ). A slight change in the compositions of the mobile phase or the temperature caused minor changes in the R f value of all the peaks with minimal impact on the resolution of peaks. Thus, the HPTLC Calibration plots for chlorogenic acid (1), gallic acid (2), caffeic acid (3), quercetin (4), p-coumaric acid (5), and kaempferol (6) method used for the separation of compounds can be regarded as selective, accurate, precise, and robust and has a wide scope in the area of natural product separation, characterization, drug development, and the quality control/standardization of natural products. All parameters achieved in the above-mentioned validated experiments was found within the tolerance range of the recommended ICH guideline. The mixture of six compounds (gallic acid, p-coumaric acid, chlorogenic acid, caffeic acid, quercetin, and kaempferol) were separated, identified, and quantified by the sensitive HPTLC method for efficient resolution and high recovery.
Elucidation and Quantification of Phenolic Compounds
The presence of phenolic compounds in the plant parts of M. oleifera was confirmed by comparison of their retardation factors, spiking the extracts with pure standards, overlaying UV spectra as well as MS and MS-MS with those of the standard compounds. Table 1 represents the HPTLC method  validation parameters, and Table 2 shows MS and MS-MS characteristics, including the peak of parent and diagnostic fragment ions. The typical HPTLC profile of the standards and the plant parts of M. oleifera are shown in Figure 3 . The chromatographic peaks in the HPTLC profiles of the samples exhibited a consistency on the UV absorptions and R f values to those of the standards. The typical MS and MS-MS spectra of the standards are shown in Figure 4 . The parent ion and the diagnostic ions were compared in plant parts infusions. The Table 2 Phenolic compounds identified by mass spectrometry in the plant parts of M. oleifera.
Compounds
Ion MS-MS analysis of the compounds in negative mode using electrospray ionization shown in Table 2 Mass spectra of chlorogenic acid (1), gallic acid (2), quercetin (3), caffeic acid (4), kaempferol (5), and p-coumaric acid (6) in negative mode. 
